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ABSTRACT 

We have identified a sample of 10 highly reliable off-nuclear (>2 kpc) X-ray sources at z = 0.03-0.25 in 
late-type host galaxies within the two GOODS fields (i.e., the two Chandra Deep Fields). The combination 
of the superb spatial resolution and great depth of the HST ACS and Chandra ACIS coverage in the GOODS 
fields is critical to the identification of these sources. We extend the study of this enigmatic population up to 
higher redshifts and larger look-back times than has been possible before, finding that the fraction of optically 
luminous galaxies exhibiting luminous off-nuclear sources at z ~ 0.1 is larger than at the current time (« 36% 
versus « 8%). The X-ray luminosities of the GOODS off-nuclear X-ray sources are comparable to or slightly 
greater than the integrated point-source X-ray luminosities of nearby galaxies, providing a possible constraint on 
the X-ray Luminosity Function at higher star-formation rates. X-ray variability demonstrates that several of these 
sources are likely single accreting black holes; for the majority, however, the number of X-ray counts is too low 
for X-ray variability studies. 

Subject headings: diffuse radiation — surveys — cosmology: observations — X-rays: galaxies — X-rays: 
general. 



1. INTRODUCTION 

A small, but appreciable, fraction (<6%) of the 0.5-8 keV 
cosmic X-ray background arises from fairly normal and star- 
burst galaxies rather than from accretion onto supermassive 
black holes (e.g., Alexander et al. 2002; Hornschemeier et al. 
2003). At z<0.25 the X-ray emission of galaxies may be 
resolved with Chandra, whose PSF corresponds to scales 
<2.1 kpc (0"5). Indeed, studies of the normal and starburst 
galaxies in the Chandra Deep Field (hereafter CDF) surveys 
have shown that >20% of X-ray detected galaxies at z<0.2 
appear to have X-ray emission originating outside their cen- 
ters (e.g., Hornschemeier et al. 2003). These X-ray sources 
are the only detected X-ray emission within their host galax- 
ies and have 0.5-8 keV luminosities of >10 39 erg s _1 , indi- 
cating that they are members of the off-nuclear ultraluminous 
X-ray source (ULX) population that was discovered during the 
Einstein era (e.g., Fabbiano 1989). ULX sources have X-ray 
luminosities typically exceeding that expected for spherically 
symmetric Eddington-limited accretion onto "stellar-mass" (5- 
20 M©) black holes. They are thus "ultraluminous" as com- 
pared to other sub-galactic X-ray emitters (e.g., supernova rem- 
nants and X-ray binaries) but of course much less luminous than 
most cosmic X-ray emitters (e.g.,AGN). ULX sources may be 
powered by accretion onto stellar-mass black holes (e.g., the X- 
ray emission may be anisotropic; King et al. 2001; Makishima 
et al. 2000). They may also represent a class of intermediate- 
mass black holes (« 500-1000 M e , hereafter IMBH; e.g., Col- 
bert & Mushotzky 1999), ultraluminous supernova remnants 



(e.g., Blair et al. 2001), or the summed emission from a col- 
lection of less luminous, unresolved X-ray sources. 

Chandra and XMM-Newton studies of the X-ray colors 
and variability of ULX sources have shown that the major- 
ity are likely accreting sources rather than supernova remnants 
(Roberts et al. 2002; Fabbiano et al. 2003) and further that the 
majority likely have stellar mass (i.e., not IMBH; Zezas et al. 
2002). The properties of stellar-mass ULX sources differ with 
galaxy type (e.g., Irwin et al. 2003) and with galaxy properties 
such as mass and starburst activity (e.g., Colbert et al. 2003). 
It thus appears there are at least two different ULX formation 
mechanisms. The formation mechanism for the few (but confi- 
dently identified; e.g., Miller et al. 2003) IMBH candidates is 
less understood. 

ULX sources are critically important in the study of X-ray 
emission from star-forming galaxies as they may dominate the 
point-source X-ray luminosity of e.g., spiral galaxies (Colbert 
et al. 2003) . Despite the vast amount of information being as- 
sembled on these objects, there is still relatively little known 
about their prevalence in the field-galaxy population. The very 
deep, high spatial resolution, BVIz coverage of the Great Obser- 
vatories Origins Deep Survey (GOODS; Giavalisco et al. 2003) 
is ideal for characterizing the off-nuclear X-ray sources as we 
may resolve structure within the host galaxies and determine 
optical extent down to lower surface brightness than would be 
possible with comparably deep ground-based data. 

2. SAMPLE CONSTRUCTION 
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The 0.5-8 keV flux of a 2 x 10 39 erg s _1 source at z — 0.1 is 
w 6.8 x 10~ 17 erg cmT 2 s~\ requiring the depth of the CDFs 
(Giacconi et al. 2002; Alexander et al. 2003); we use the X- 
ray catalogs of Alexander et al. (2003) which have been con- 
structed for both fields. The X-ray positions in these catalogs 
are good to 0"3-l"0; the positional accuracy depends on both 
the X-ray source's distance from the aim point (as the PSF 
size increases) and on the number of detected counts. Over 
the central w 1 arcmin 2 , the best 0.5-2 keV S/N=3 sensitiv- 
ity achieved is m 2.5 x 10~ 17 erg cm~ 2 s _1 in the North and 
« 5.2 x 10~ 17 erg cm~ 2 s _1 in the South, dropping by a factor 
of w 1.8-6 in the north and « 1.2-10 in the south at the edges 
of the GOODS fields. 

The GOODS ACS photometric data are complete to zab ~ 
24-25, depending on the half-light radius of the galaxy (see 
Figure 4 of Giavalisco et al. 2003). In the CDF-N, the main 
sources of optical spectroscopic data used were Cohen et al. 
(2000) and Barger et al. (2002). In the CDF-S, we used the 
Two Degree Field (2dF) survey redshift catalog for the three op- 
tically brightest galaxies (Colless et al. 2001) and spectroscopic 
redshifts of z < 0.3 galaxies from the CDF-S team (G. Szokoly 
et al., in preparation and G. Szokoly 2003, private communi- 
cation). When there was no spectroscopic redshift, we used 
the photometric redshifts of B. Mobasher et al., in prepara- 
tion, computed from both the ACS data and ground-based near- 
infrared and optical data. 

As discussed in Alexander et al. (2003) and Hornschemeier 
et al. (2003), matching radii slightly larger than the X-ray 
positional accuracy are acceptable for optically bright galax- 
ies (V <21 mag ) as the effective significance of the match is 
"boosted" by the relative rarity of these galaxies on the sky. We 
additionally require that the host galaxies have z < 0.25 so that 
the median Chandra astrometric accuracy of 0"6 corresponds 
to < 2.5 kpc; this redshift requirement further boosts the sig- 
nificance of the matches over merely requiring V < 21 mag. 
Based on the optical (V < 21 mag,z < 0.25) and X-ray source 
densities, we expect w 0.3 false matches per field when using 
a 2"0 matching radius. We have also searched at larger offsets 
(2f'0-3"0) for sources with V < 20 mag and z < 0.25, this raises 
the possible number of false matches to a total of 0.7. We have 
explored extending the search to V < 22 mag but find no further 
off-nuclear sources at z < 0.25. Finally, we include one source 
with V = 16.7 mag and offset «4"7. 

The X-ray/optical offsets must exceed the X-ray positional 
errors (80-90% confidence; see Alexander et al. 2003) by at 
least 40% to be considered off-nuclear. Sources with offsets 
of 0"8-L'0 are just marginally off-nuclear, and it may be that 
slight X-ray extent is creating the offset. We find 10 off-nuclear 
X-ray sources at z ~ 0.02-0.25 matched with the main catalogs 
of Alexander et al. (2003), with the majority (7/10) in the north- 
ern field. The X-ray source and host-galaxy properties are listed 
in Table 1 ; the coordinates in the table and throughout this Let- 
ter are X-ray coordinates. Spectroscopic redshifts were avail- 
able for 9 of the 10 sources (median z = 0.109). The sources 
are indeed faint, with a median number of 0.5-8 keV counts 
of 28.7. Using the sensitivity maps derived in Alexander et al. 
(2003), we have determined that only three of the northern ULX 
sources would have been clearly detected in the southern field 
had they been placed at the same off-axis locations. This indi- 
cates that the chief difference between the northern and south- 
ern samples is the X-ray sensitivity, not cosmic variance. 



3. PROPERTIES OF THE OFF-NUCLEAR X-RAY SORUCES 

3.1. Host Galaxy Properties 

The HST V-band images of all the ULX host galaxies, which 
range in optical brightness from V = 16.7-20.6 mag, are shown 
in Figure 1 . The median absolute magnitude of the host galax- 
ies is My = —20.1, and the least luminous galaxy has M\ = 
-18.2. 

From visual inspection it is clear that these galaxies are pri- 
marily late-type/spiral galaxies. However, there are no early- 
type galaxies at z < 0.25 in the GOODS fields, so this apparent 
bias toward late-type/spiral galaxies is due to the limited vol- 
ume sampled by the two GOODS fields. Characterizing their 
morphologies using the CAS morphological system of Con- 
selice (2003), the ULX host galaxies are found to be fairly 
representative of the morphological types of field galaxies in 
the GOODS area, with no particularly strong bias toward large 
asymmetries. 

The GOODS off-nuclear X-ray sources are fairly evenly 
split among those associated with a resolved optical source 
or other optical structure and those which appear associated 
based on statistical likelihood alone. Among the latter, there 
is one galaxy for which the ULX is just marginally offset 
(« 0"9; J123715.9+621 158) and there is a fairly bright optical 
point source near the galactic nucleus. 

3.2. X-ray Properties 

The 0.5-2 keV luminosities of the ULX sources range from 
9 x 10 38 erg s _1 to a few times 10 40 erg s _1 . Note that there 
have been local ULX sources observed at X-ray luminosi- 
ties as high as 10 40 erg s _1 (e.g., the strongly variable ULX 
in NGC 3628; Strickland et al. 2001). Some spectral con- 
straints may be placed using the various X-ray bands of Alexan- 
der et al. (2003). Only one source is constrained to be X-ray 
hard (J033234.7-275533, F < 0.17). There is just one ul- 
trasoft source detected only in the 0.5-1 keV "ultrasoft" band 
(J033220.3-274555; see footnote in Table 1). Although poorly 
constrained, its soft X-ray band ratio is consistent with kT < 
0.6 keV thermal bremsstrahlung emission (using its photomet- 
ric redshift z = 0.23). In general, the 1-2 keV data demonstrate 
that the ULX sources do not have the ultrasoft signatures of the 
cooler accretion disks expected around intermediate-mass black 
holes. Also, they demonstrate that the X-ray emission does not 
arise from diffuse hot gas in star-forming regions- for instance 
in M 1 1 , which is dominated by its hot ISM, the highest surface 
brightness regions emit very little above 1 keV (see Figure 4 of 
Kuntz et al. 2003). Stacking the X-ray data for all the objects 
that are not individually detected in the hard band, we find that 
the average spectral slope of these sources is F > 1.5. 

For only the brightest few X-ray sources are there sufficient 
numbers of photons to perform variability analysis. Following 
the methods of M. Paolillo et al., in preparation, we find that 
five of the off-nuclear sources are likely variable on timescales 
of days to months with detected variation amplitudes of 2-3. 
The most notable instance of variability is the X-ray hard source 
J033234.7-275533 (98% probability in the 2-8 keV band). 

4. DISCUSSION 

Based on the sky density of z < 0.25,V < 21 field galax- 
ies within the Caltech Faint Galaxy Redshift Survey (Cohen 
et al. 2000), we have detected off-nuclear X-ray emission from 
« 36% of field galaxies at these redshifts. For comparison 
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with the nearby Universe, we consider the complete, volume- 
limited Palomar optical spectroscopic survey sample of Ho 
et al. (1997). Ho et al. (2001) chose galaxies from this sur- 
vey for Chandra follow-up if they had optical evidence for 
LLAGN activity; otherwise this is one of the currently least- 
biased sample of X-ray observed galaxies in the nearby Uni- 
verse. The optical brightness of the Ho et al. (2001) sample is 
well-matched to GOODS as it was chosen to be fairly optically 
bright (Bt < 12.5 mag). Based on the V-band flux density in- 
formation in the NASA/IPAC Extragalactic Database (NED), 
36 of the 41 galaxies in the Ho et al. (2001) sample would have 
V < 21 at z < 0.15. Sipior (2003) has compiled a catalog of 
X-ray point sources for these 36 galaxies; we use this catalog 
to determine that 8+5% of galaxies in the nearby Universe have 
point sources with 0.5-8 keV luminosities > 2 x 10 39 erg s -1 . 
The GOODS off-nuclear source fraction is higher at 36+[j% 
and even allowing for false matches is higher at 32% . Note 
that even Chandra is limited by spatial resolution, so this off- 
nuclear source fraction may be considered as a lower limit, the 
real fraction may in fact be higher. This indicates that there may 
be a higher prevalence of these more luminous ULX sources at 
ZwO.l. 

Colbert et al. (2003) note that the point-source X-ray lumi- 
nosities of galaxies, Lxp (0.3-8 keV), are generally dominated 
by the most luminous X-ray binaries in galaxies, finding a cor- 
relation with TT-band luminosity: Lk L^p 91 ■ While there is 
an apparent correlation between the GOODS off-nuclear 0.5- 
8 keV X-ray luminosity and L K (calculated as v/ v ; see Table 1 
and Figure 2), we note that the most luminous object is also 
at the highest redshift so this is likely a "distance" effect. The 
correlation of the X-ray properties with the host-galaxy prop- 
erties does indicate that the off-nuclear sources are not chance 
optically faint background AGN (Alexander et al. 2001). 

For comparable host-galaxy TT-band luminosities, the X-ray 
luminosities of the GOODS off-nuclear X-ray sources are on 
average « 2. times higher than the expected total galaxy 
X-ray point-source luminosity (we converted Lxp from 0.3- 
8 keV to 0.5-8 keV, assuming T = 2; Colbert et al. 2003). 
The implication is that there is a global difference between the 
z ~ 0.1 GOODS sample and the local Universe. We note that 
even if there is some confusion in our sample, with a few lumi- 
nous point sources contributing from one star-forming region, 
the result that the X-ray luminosities of the GOODS off-nuclear 



sources exceed the total expected galaxy point-source X-ray lu- 
minosity is robust. 

The maximum luminosity for point sources within a galaxy 
can be determined from the galaxy's X-ray luminosity func- 
tion; it is simply the luminosity, L, for which the cumulative 
X-ray Luminosity Function (XLF), N(> L max ) w 1. L max and 
the XLF are dependent upon both galaxy mass and SFR. The 
TT-band luminosity is a fairly good measure of galaxy mass, so 
this indicates the difference between the two samples is due to 
differences in SFR, i.e., the globally elevated SFR at z ~ 0.1. 

Constraining the high-luminosity/high-SFR end of the XLF 
is difficult due to the typically low number of ULX sources per 
galaxy (the one exception in the nearby Universe is the pair 
of Antennae galaxies; Zezas et al. 2002). Based on measure- 
ments of both the infrared and B-band luminosity densities of 
galaxies, the SFR of the Universe was w 60% higher at z « 0.1 
(Treyer et al. 1998). The difference in X-ray luminosities of a 
factor of « 2.2, assumed to be due to the difference in SFR, 
thus implies that L max ,Lxp <*SFR 2 3 , corresponding to an XLF 
slope of « 0.4. For comparison, the Antennae XLF has slope 
a = 0.47; our number is thus in coarse agreement with the ex- 
tension of the Antennae XLF up to higher X-ray luminosities. 
While detailed measurements of the GOODS host-galaxy SFRs 
and masses is beyond the scope of this letter, this indicates that 
future such measurements (possible with SIRTF) may provide 
a very useful constraint on L max and the XLF of galaxies. 
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Table 1 

Candidate Off-Nuclear X-ray Sources in the GOODS fields 
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a X-ray coordinates, photon indices (r). and fluxes are from Alexander el al. (2003). For I", a ~ symbol indicates that the photon index is not well-constrained due to low number of 
counts, r = 1.4 is the value assumed in the calculation of the X-ray fluxes. 

b The X-ray coordinates and the offset between the X-ray and optical source has been corrected following the methods of Koekemoer et al., in preparation and Bauer et al., in 
preparation. 

C HST ACS V (F606W) filter magnitudes of S. Ravindranath et al., in preparation. 

d"P" indicates that the redshifl is photometrically determined (B. Mobasher el al.. in preparation). For photometric redshifts we quote the 90% confidence range. The sources for 
spectroscopic redshifts (which have very small errors, « 0.01) are as follows: (1): Two Degree Field (2dF) Redshift Survey Colless et al. (2001). (2): CDF-N 1 Ms spectroscopic 
catalog Barger et al. (2002) and (3): Callech Faint Galaxy Redshift Survey (CFGRS; Cohen et al. 2000) 

e All I ■ ■ iIk ,nr- il-.nl.ilol i- .i*. ' ii.iv.il ■*-.■■ ei -il ._"'"'*■ 

f 033220.3-274555 was only detected in the 0.5-1 keV band. Its soft band X-ray luminosity is quoted in that band. 
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FIG. 1 . — The HST ACS V-band thumbnail images of the ULX source host galaxies in the two GOODS fields. The line in the upper right corner indicates 5"0 for 
scale. The circles indicate the X-ray positional error. 
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log L x (0.5-8 keV) 

FIG. 2. — AT-band luminosity of the host galaxies versus the off-nuclear X-ray source luminosity. The filled circles are the data from this paper, the two triangles 
indicate upper limits. The open circles indicate data on 32 nearby galaxies from Colbert et al. (2003); the X-ray luminosity is the total X-ray point source luminosity 
for these galaxies. The 0.3-8 keV X-ray luminosities of Colbert et al. (2003) have been converted to 0.5-8 keV assuming T = 2. The star symbols indicate the 
ULX source X-ray luminosities and host galaxy ST-band luminosities for four extreme instances of ULX sources in the nearby Universe: NGC 1313, Holmberg II, 
NGC 4565 and NGC 4254. The X-ray data are from Colbert & Ptak (2002). 



